Despite much recent activity in the field of pollination biology, the extent to which animal pollinators drive the formation of new angiosperm species remains unresolved. One problem has been identifying floral adaptations that promote reproductive isolation. The evolution of a bilaterally symmetrical corolla restricts the direction of approach and movement of pollinators on and between flowers. Restricting pollinators to approaching a flower from a single direction facilitates specific placement of pollen on the pollinator. When coupled with pollinator constancy, precise pollen placement can increase the probability that pollen grains reach a compatible stigma. This has the potential to generate reproductive isolation between species, because mutations that cause changes in the placement of pollen on the pollinator may decrease gene flow between incipient species. I predict that animal-pollinated lineages that possess bilaterally symmetrical flowers should have higher speciation rates than lineages possessing radially symmetrical flowers. Using sister-group comparisons I demonstrate that bilaterally symmetric lineages tend to be more species rich than their radially symmetrical sister lineages. This study supports an important role for pollinatormediated speciation and demonstrates that floral morphology plays a key role in angiosperm speciation.
INTRODUCTION
One of the fundamental objectives of evolutionary biology is to understand why there are such vast differences in speciation rates across taxonomic lineages (Futuyma 1998) . The biological species concept emphasizes reproductive isolation as the key factor in speciation. Consequently, traits that promote reproductive isolation among adjacent populations are considered key to the origin of new species (Grant & Grant 1965; Schluter 2001) .
One prominent evolutionary trend in flowering plants is the fusion of petals and overall reduction in the number of stamens and carpels (Endress 1997) . The adaptive explanation for these changes is that they have allowed more precise pollination by specialist insect pollinators and, consequently, less expense of pollen and nectar (Regal 1977; Takhtajan 1991) . From the plant's perspective, the selective advantage of specialist pollination is clear; plants are less likely to receive incompatible pollen or to have their pollen transferred to an incompatible stigma. Indeed, selection for pollinator specialization has been invoked to explain divergence in several floral traits including: animal pollination, nectar guides, nectar spurs, bilateral symmetry and secondary pollen presentation (Bawa 1995; Waser 2001) . Grant (1949) suggested that in the angiosperms, floral morphology has diverged more rapidly than vegetative characteristics, explaining its widespread preference as a basis for taxonomic classification. Many authors suggest that this divergence has been driven largely by selection via pollinators (Grant 1949 (Grant , 1994 Stebbins 1970; Faegri & van der Pijl 1979; however, see Waser 1998 however, see Waser , 2001 . Accordingly, the occurrence of animal pollination has been invoked to explain differences in diversification rates across angiosperm lineages (Eriksson & Bremer 1992; Dodd et al. 1999) .
The importance of pollinator-mediated selection in angiosperms is well supported by theory (Kiester et al. 1984) and experimental data (Galen 1996) . In the genus Mimulus, evidence suggests that discrimination by pollinators (bees and hummingbirds) is responsible for reproductive isolation between two sympatric species (Schemske & Bradshaw 1999) . In the genus Aquilegia, differences in the form of nectar spurs are correlated with differences in pollinators that visit a flower; the size and placement of the spurs affect reproductive isolation by reducing visitation by some pollinators and increasing visitation by others (Hodges & Arnold 1994) . The presence of spurs has also been shown to correlate with the degree of diversification in other clades, supporting the hypothesis that they play a general role in reproductive isolation (Hodges & Arnold 1995) .
Floral symmetry was one of the earliest traits used to relate morphology to function in the pollination of angiosperms (Neal et al. 1998) . There are two main forms of symmetry described in the angiosperms: bilateral symmetry (zygomorphy) and radial symmetry (actinomorphy). Actinomorphy is considered to be the ancestral form (Takhtajan 1969 ) with zygomorphy having originated several times independently (Takhtajan 1991; Donoghue et al. 1998) . Several theories have been proposed for the adaptive significance of zygomorphy (reviewed by Neal et al. 1998) . The pollen position hypothesis posits that in zygomorphic flowers, pollinators are restricted in the directionality of approach and movement within and between flowers (Leppik 1972; Ostler & Harper 1978; Cronk & Moller 1997) . By contrast, actinomorphic flowers can be approached from any direction and are not able to restrict pollinator movement within the flower. Hence, in zygomorphic flowers the specificity of pollen placement is greatly improved. Once precise placement of pollen on the pollinator is achieved, reproductive isolation is possible.
Wherever a trait change has occurred convergently in several lineages there is an opportunity to compare the resulting differences in diversity between the lineage and its sister lineage (reviewed by Barraclough et al. 1998) . Given sufficient comparisons one can test the hypothesis that the evolution of the trait has had a consistent, replicable effect on diversification. Several studies have examined the impact of different traits on diversification rates in angiosperms (e.g. Farrell et al. 1991; Hodges & Arnold 1995; Dodd et al. 1999; Heilbuth 2000; Barraclough & Savolainen 2001; Verdu 2002) and in other taxonomic groups (e.g. Barraclough et al. 1995; Owens et al. 1999; Arnquist et al. 2000) . However, the relationship between floral symmetry and speciation remains untested (Waser 1998) . I examine whether zygomorphy has the effect of increasing species richness in the angiosperm lineages where it occurs.
MATERIAL AND METHODS

(a) Data collection
I tested the null hypothesis that species numbers in zygomorphic clades were lower than, or equal to, the numbers in their actinomorphic sister clades. I considered symmetry only at the level of the corolla, ignoring the symmetry of the pistil and stamens. Although it is possible to have an actinomorphic corolla and zygomorphic gynoecium or androecium (e.g. Hibiscus), or vice versa (Neal et al. 1998) , I limited the study to corolla morphology because it is the level of symmetry most likely to affect the pollination process (Stebbins 1974) . Families in which corolla morphology was defined as zygomorphic were identified using Judd et al. (2002) . If the information in that source was inadequate, I referred to Watson & Dallwitz (1992) or Mabberley (1997) . Families described as having radially symmetrical, polysymmetric or regular corolla morphology were considered actinomorphic; those described as having bilaterally symmetrical, monosymmetric or bilabiate corolla morphology were considered zygomorphic. Only animal-pollinated families were considered.
(b) Sister-group comparison
Once I had exhausted the listed family descriptions I identified the phylogenetic relationships between these families using the angiosperm phylogeny created by Soltis et al. (2000) . This is the most complete angiosperm tree currently available; it includes 75% of angiosperm families (Barraclough & Savolainen 2001) . Sister-group analyses assume the inclusion of all extant species derived from each branch; hence the interpretation of the results assumes that there is no substantial bias towards actinomorphy in missing families. All the families I had identified as having primarily zygomorphic flowers were found on this tree. Upon identifying a zygomorphic clade I used the Soltis et al. (2000) tree to identify the actinomorphic sister clade. This process revealed that several of the zygomorphic families were in fact part of the same lineage. Eventually, 40 zygomorphic families yielded 19 sister group comparisons (figure 1).
Once the appropriate sister groups had been identified I used Mabberley (1997) to determine the number of species in each family. In cases where Mabberley (1997) disagreed with the taxonomic divisions in the Soltis et al. (2000) phylogeny, I used other sources (Watson & Dallwitz 1992 or Judd et al. 2002 to determine the number of species in the lineage. Occasionally, the zygomorphic families (e.g. Fabaceae) contained some actinomorphic members. Using methodology described in Farrel et al. (1991) and Heilbuth (2000), I reported the number Proc. R. Soc. Lond. B (2004) of species for the sister group as the total minus the number of actinomorphic species (figure 1). Similarly, in one case (Zingiberales) a group of taxa having wind-pollinated flowers (Poales) was removed from the zygomorphic sister-group total for the comparison. This procedure was conservative and could only bias the results against rejecting the null hypothesis. The reciprocal procedure (subtracting zygomorphic species from actinomorphic clades) was not performed; this also ensured that the test was conservative. While most sister groups represented independent comparisons, I included one sister pair (Polygalaceae-Surianaceae) that fell within the zygomorphic sister lineage of another pair (Fabaceae and its sister group). I controlled for any possible bias that this approach could have caused by subtracting the species from the Polygalaceae-Surianaceae comparison from the more inclusive sister group (leaving only the Fabaceae), thus assuring that one large group was not providing the basis for more than one positive comparison. However, removing this additional pair does not change the significance of the results reported below.
(c) Statistical tests
To determine whether there was a significant effect of the evolution of zygomorphy on the diversification rate of a lineage, I subtracted the number of species in the zygomorphic lineage from the number of species in the actinomorphic sister lineage. I tested whether there was a detectable trend in the direction of the differences using a one-tailed sign test and by testing whether the mean difference in species number between sister groups differed from zero using the non-parametric Wilcoxon signed-rank test. Results are reported as means ± one standard error.
RESULTS
In 15 out of 19 sister-group comparisons the lineage with zygomorphic flowers was more diverse than its sister group (table 1; figure 1: p = 0.0096, one-tailed sign test). Furthermore, the mean difference in species number between the sister groups was significantly greater than zero (table 1: n = 19, p = 0.003, Wilcoxon signed-rank test). The mean negative difference (actinomorphic clade contains more species) was 847.75 ± 758.17 and the mean positive difference (zygomorphic clade contains more species) was 3318.53 ± 1688.07.
DISCUSSION
The sister-group analysis leads to the rejection of the null hypothesis in favour of the alternative hypothesis that bilaterally symmetric (zygomorphic) clades are more species-rich than their radially symmetric (actinomorphic) sister clades.
This conclusion is consistent with field studies reporting an association between zygomorphy and species richness. In their study of 25 flowering plant communities, Ostler & Harper (1978) found that zygomorphy was correlated with increased plant diversity. Their explanation for this result is that in species-rich communities, zygomorphy should be favoured because it promotes increased fidelity between flowers of a given species and their pollinators.
It has been proposed that the evolution of zygomorphy will lead to increased speciation rates because it affects the precision of pollen transfer and hence the probability of 
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If zygomorphy promotes reproductive isolation via improved placement of pollen, we would expect that the pollen-ovule ratio in species with zygomorphic flowers would evolve to be lower than in species with actinomorphic flowers. It has been demonstrated that the amount of pollen produced by a species (measured as the pollenovule ratio) is negatively correlated with the likelihood that the plant's pollen grains will reach a compatible stigma. For example, animal-pollinated plants have lower pollenovule ratios than wind-pollinated plants (Sharma et al. 1992) , and plants that are obligately selfing (autogamous) have lower pollen-ovule ratios than those that obligately outcross (Cruden 1977) . There is indeed some evidence that species with zygomorphic flowers have lower pollenovule ratios. For example, in the Orchidaceae, pollen is packaged into units known as pollinaria, which results in a pollen-ovule ratio that is several orders of magnitude smaller than in plants that lack these structures. The evolution of pollinaria has been directly attributed to the improved specificity accompanying the evolution of zygomorphy ( Johnson & Edwards 2000) . The pollinaria have been championed as a key innovation that allowed the rapid diversification of the orchid clade ( Johnson & Edwards 2000) . However, without a preceding adaptation to ensure highly specific pollination, pollinaria would be disadvantageous. In the Asterales, lineages that develop zygomorphy have often undergone a subsequent decrease in anther number (Endress 1998 ). While there are other possible explanations for this trend, it is an intriguing observation that deserves further exploration.
A potential problem with any sister-group analysis is that the examined trait (in this case zygomorphy) could be correlated with a different trait that drives diversification rather than be the actual cause of the diversification. This is an intrinsic problem with all correlative studies. The presence of secondary pollen presentation, i.e. the presentation of pollen on floral structures other than the anther sacs (Yeo 1993) , is also correlated with low pollen-ovule ratios (Cruden 2000) , reportedly due to its ability to facilitate highly specific placement of pollen grains (Howell et al. 1993) . Because of its purported role in improving pollination efficiency, secondary pollen presentation is another candidate trait that may play a role in angiosperm speciation. In addition, many families that display secondary pollen presentation also have zygomorphic flowers. Therefore, I repeated the sister-group comparison, excluding species or families that displayed secondary pollen presentation (table 1) to test whether secondary pollen presentation could have driven the association between zygomorphy and species richness. When these species are removed, only one comparison (Fabaceae and its sister lineage) is reversed, and the sign test remains significant ( p = 0.0155). Because secondary pollen presentation is not strongly correlated with zygomorphy (table 1) , it is unlikely to be driving the observed patterns of diversification. Secondary pollen presentation may also work in conjunction with zygomorphy in some families to ensure precise pollen placement (Yeo 1993) .
A major weakness of a sister-group analysis is that it cannot distinguish whether differences between sister lineages in species richness are caused by more speciation events in one lineage or by more extinction events in the other. In the present case, however, there is no reason to expect that actinomorphy would increase extinction rates. Rather, actinomorphy may lead to lower extinction rates because of its association with generalist pollinators (Bond 1994; Johnson & Steiner 2000) .
Finally, it is possible that zygomorphy affects speciation rates in a manner unrelated to its ability to promote reproductive isolation. For example, if reproductive assurance is greater in zygomorphic clades, they might be less susceptible to extinction. By contrast, zygomorphy may affect pollinator constancy such that competing species are more prone to extinction. The analysis presented here does not allow one to distinguish between these hypotheses.
In conclusion, I have argued that the correlation between zygomorphy and increased species richness in angiosperms is caused by the ability of this trait to promote reproductive isolation through improved precision of pollen placement and the tendency for specialist pollinators to be attracted to zygomorphic flowers. This study is distinctive in that it investigates a trait long suspected to be important in reproductive isolation and confirms a hypothesis central to evolutionary biology: traits that promote reproductive isolation are correlated with increased diversification rates.
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